Arthrobacter globiformis 425 suffers striking morphological aberration when deprived of enough biotin (1) . Preliminary studies on the fine structure of the aberrant cells by Robertson and Chan (9) have shown that the abnormal form consists of several membrane-bound bodies embedded in a thick matrix quite different from the wall of the normal organism. These initial studies prompted further investigation on the comparative ultrastructure of normal and abnormal cell forms of A. globiformis at different growth phases and at a higher degree of resolution. In addition, this paper reports the results of the replacement of biotin with structurally unrelated compounds most of which were reported at one time or another to spare biotin for some species of microorganism (5) .
MATERIALS AND METHODS
Bacterial strain, inocula, and media. A. globiformis 425 was procured from the Cell Biology Research Institute, Canada Department of Agriculture, Ottawa, Canada. It is identical to A. globiformis (CONN) (ATCC 4336 and NCIB 8602).
Cells used for inocula in the electron microscopy and replacement studies were from a 48-hr growth of cells on Trypticase soy agar slants (Baltimore Biological Laboratories, Cockeysville, Md.). The bacteria were removed with a loop and suspended in the inorganic salts solution of Snell and Strong (10) and containing 0.5% (w/v) KNO3 to constitute the basal salt solution (BSS). The cells were then washed twice in BSS with use of a Sorvall refrigerated centrifuge. They were finally suspended in BSS to a turbidity of 100 Klett units (no. 42 blue filter). One-tenth (0.1) ml of this suspension was used to inoculate 50 ml of medium.
Inoculum preparation for the analysis of macromolecular levels deviated from the above in order to obtain sufficient cell yields from the biotin-deficient culture to permit estimation of the protein, ribonucleic acid (RNA), and deoxyribonucleic acid (DNA) throughout the growth cycle. Cells were grown in the basal medium (BSS + 1% [w/v] glucose) containing 0.4 ng of biotin per ml, washed twice in BSS, and adjusted in BSS to 500 Klett units. A 6-ml amount of this suspension was used to inoculate 600 ml of medium.
In all of the experiments described herein, biotinsufficient cultures were obtained from basal medium with added biotin at a final concentration of 0.4 ng/ml. Biotin-deficient cultures had no added biotin but depended upon residual biotin, external and intracellular, for minimal growth.
Cultures size from 20 to 100 ml were taken at 3.5-hr intervals for 21 hr. Extraction procedures followed were those of Stevenson (11) . Protein was assayed by the method of Oyama and Eagle (7). RNA and DNA were assayed by the methods of Dische (2).
Growth was followed by viable counts on Trypticase soy agar plates. All serial dilutions were shaken vigorously on a Fisher Mini-shaker to disaggregate clumped cells. Concurrent counts with the direct microscopy method showed a parallel correlation with the viable plate count. It was evident that each normal cell formed a colony-forming unit (CFU) and each abnormal form (consisting of several "protoplasts" bounded by an amorphous matrix) gave rise to one CFU.
Replacement studies. L-Aspartic acid, 0. 
RESULTS
Methylene blue was found to be an effective and convenient simple stain for following morphological aberration in A. globiformis 425 deprived of sufficient biotin. Normal cells stained evenly whereas abnormal cells were beaded. The stain was therefore used to monitor the development of cells cytologically during the growth cycle in order to facilitate proper sampling for electron microscopy. For comparative purposes, photomicrographs of methylene blue stains are shown with the electron micrographs. Figure 1 shows A. globiformis in the early logarithmic growth phase (phase reference is to the normal growth cycle in the presence of sufficient biotin). Figure 1A and 1B are photomicrographs of the organism after methylene blue staining. Figure 1A shows evenly stained coryneform normal cells. Biotin-deficient cells (Fig. 1B) were abnormally enlarged and were beaded in appearance upon reaction with stain. Figures 1C and 1E are thin cross sections of normal A. globiformis cells. The cell wall was discretely formed and appeared to consist of two layers (Fig. 1D , an enlargement from Fig.  1E ). The double-tracked cytoplasmic membrane was clearly seen adjacent to the wall. Figure 1C also shows a laminated mesosome. Figure 1G is a section through an aberrant cell form. The discrete wall was not present; instead, an unorganized thick matrix surrounded the membrane-bound bodies. (The bodies or "protoplasts" gave the beaded appearance with methylene blue stain.) Figure 1F , an enlargement of part of Fig. 1G , shows more distinctly the triple-layered cytoplasmic membranes. was stretched along the long axis; the light areas are indicative of glycogen deposits generously scattered throughout the cell (3, 4) . Figure  2D shows an aberrant cell with several membrane-bound bodies embedded in an unorganized thick matrix. The cytoplasm did not appear to be as rich in glycogen in comparison with the normal cell. Figure 3B shows the continued presence of long beaded cells. Figures 3D and 3E Figure 3C Even though Tween 80 has been reported to be an excellent, nontoxic source of oleic acid and reputedly substitutes for biotin for many bacteria (5, 13), our experience motivated us to evaluate the activity of Tween 80 in the presence of avidin. Table 1 shows the data obtained from such an experiment. In the presence of avidin, the sparing action of Tween 80 for biotin was eliminated.
DISCUSSION
Biotin remains essential for the normal cellular development of A. globiformis 425. Of the structurally unrelated compounds tested, only Tween 80 was found to spare partially and to a limited degree the requirement for the vitamin. But this sparing action was negated in the presence of avidirn. Since avidin combines with biotin in stoichiometric proportions to form an avidin-biotin complex, and since it is not known to react with oleic acid (13) that may be released slowly from Tween 80, our conclusion is that Tween 80 supports growth of A. globiformis 425 only because it is contaminated with traces of biotin. Previous reports on the ability of Tween 80 to substitute for biotin (5) should probably be re-examined in this perspective.
The electron micrographs shown in Fig. 1  through 4 show clearly that biotin starvation results in aberrant forms each containing several membrane-bound bodies or "protoplasts" and lacking an organized discrete cell wall. The normal cell wall was shown to consist of two organized layers (see particularly Fig. 1D and 4D) by our method of fixation and staining. Stevenson (12) alluded to this for A. pascens, and Krulwich and Pate (6) also found two-layered cell walls in A. crystallopoietes. The data initial turbidity due to chemical suppleon macromolecular synthesis ( Fig. 5 and 6) give supporting evidence for the morphological aberration of biotin-starved cells since the macromolecular concentrations per CFU remained relatively high indicating nonreversion back to coccoidal forms. It must be concluded that deprivation of this essential vitamin in catalytic amounts gives rise to lesions in the biosynthetic pathways leading to normal cell wall formation. The disruption of cell wall biosynthesis invariably leads to impaired cell division, hence the absence of autonomous individual cells but the existence of several nucleoid-containing membrane-bound bodies within the amorphous matrix of aberrant cell forms in biotin-deficient cultures. Even though membranes, including mesosomes, were definitively seen in the electron micrographs of aberrant cells, it is not possible to ascertain from simple scrutiny whether these membranes were altered in any way chemically, particularly with reference to their lipoidal composition.
In any case, biotin-dependent enzymes had been affected in the absence of enough vitamin, and their inactivation in A. globiformis was manifested by presence of an amorphous unorganized matrix in place of a discrete cell wall. It seems to us that this organism is an excellent "tool" or "tissue" for further studies on bacterial cell wall biosynthesis as well as the direct and indirect functional roles of biotin-dependent enzymes in cellular structure.
